A six degree-of-freedom thrust sensor was designed, constructed, calibrated, and tested using the labscale hybrid rocket at the University of Arkansas at Little Rock. The system consisted of six independent legs: one parallel to the axis of symmetry of the rocket for main thrust measurement, two vertical legs near the nozzle end of the rocket, one vertical leg near the oxygen input end of the rocket, and two separated horizontal legs near the nozzle end. Each leg was composed of a rotational bearing, a load cell, and a universal joint above and below the load cell. The leg was designed to create point contact along only one direction and minimize the non-axial forces applied to the load cell. With this system, force in each direction and moments for roll, pitch, and yaw can be measured. The system was calibrated and tested using a labscale hybrid rocket using gaseous oxygen and hydroxyl-terminated polybutadiene solid fuel. The thrust stand proved to be stable during calibration tests. Thrust force vector components and roll, pitch, and yaw moments were calculated for test firings with an oxygen mass flow rate range of 0.0174-0.0348 kg s −1 .
Introduction
In 1993, a labscale hybrid rocket facility with computer control and data acquisition system was designed and constructed at the University of Arkansas at Little Rock (UALR). A labscale rocket is large enough to conduct many interesting studies while reducing the expense and danger associated with firing large rockets. The facility at UALR has aided the aerospace community in numerous studies on hybrid rockets. Studies to characterize the physical parameters of the hybrid rocket such as pressure in pre-combustion and post-combustion chambers, plume flicker, acoustical output, plume emission spectroscopy, and axial thrust have been conducted [1] [2] [3] .
UALR's hybrid rocket has used hydroxyl-terminated polybutadiene (HTPB) as the fuel and gaseous oxygen as the oxidant. The rocket is operated in a controlled oxygen-to-fuel ratio range of 1.5-4.5, by varying the oxygen mass flow in a range of 0.018-0.037 kg s . At an oxygen-to-fuel ratio of 2.074, HTPB burns stoichiometrically to carbon dioxide (CO 2 ) and water vapor (H 2 O). The temperature in the combustion chamber is above 3000 K. With HTPB fuel and a new nozzle, the maximum thrust is approximately 220 N (50 lbf) [1] .
The system is ignited when oxygen and propane are introduced into the combustion chamber. A Ramsey Electronics PG13 plasma generator initiates a spark, which lights the propane/oxygen mixture. This heat source ignites the fuel grain and begins the self-sustaining combustion. Once the fuel grain has been ignited, the chamber pressure, measured by a Keller PAA-23S piezoresistive pressure transducer, is controlled by modulating the oxygen mass flow, through a Teledyne-Hastings HFC307 mass flow controller. The digital processor is a PowerPC microprocessor on a dSpace DS1104 controller board [1] .
Thrust is the reactant force experienced by the rocket due to the ejection of high velocity matter. The function of a thrust stand is to restrain the body yet measure an adequate number of forces to define the thrust vector direction and magnitude. Prior to the construction of the new thrust sensor, the UALR hybrid rocket facility measured only the axial component of thrust using a custom-designed s-beam sensor element [2] . Thrust was measured using strain gages mounted on four aluminum support beams which supported the rocket. The support beams were fixed on both ends, which forced them to deflect in the shape of a sigmoid curve during the firing. The flexing beams were made from 2024-T81 aluminum with a yield strength of 65 kpsi. General purpose strain gages from Measurements Group (CEA-13-125UW-350) were placed on the beams to convert strain to a voltage proportional to the thrust force. A two stage amplification circuit was built to collect the voltage output of the strain gages and produce a voltage between 0 and 10 V. The voltage was collected by an A/D board at 1000 Hz [1] .
An instrument was designed to look down the bore of the UALR rocket while it was firing, and evidence that gases within the combustion chamber are swirling was seen [3] . The momentum transfer due to this turbulent flow will generate an external roll torque. It is unknown if this swirling flow pattern will generate a sufficiently large external torque to induce a hybrid rocket powered vehicle to roll during flight. By measuring the torque experienced by the rocket on the test stand, atmospheric and aerodynamic effects are eliminated and the contribution of the combustion process is isolated. Therefore, it was decided to create a new thrust sensor array that could measure the rotational moments including roll.
To completely specify the thrust vector, thrust must be measured in all three spatial directions. In addition to the forces, torques can cause motion called roll, pitch, and yaw. Collectively, the three spatial force components plus the three rotational moments are called the six degrees of freedom (dofs) for the rocket body. In a flying vehicle, the nose is defined as the front of the vehicle, pointed in the direction of motion. Positive roll is defined as a torque that produces a counter-clockwise rotation about the motion axis. A positive pitch is defined as a torque that brings the nose up. A positive yaw is defined as a torque that brings the nose towards the left side. In order to measure phenomenon such as roll, force measurements in the plane perpendicular to the axial axis must be measured. For this sensor, roll is defined as a rotation about the z-axis, pitch is a rotation about the x-axis, and yaw is a rotation about the y-axis as shown in figure 1 .
There are several ways to arrange sensors to measure the thrust and moments of a rocket body. A search of the literature will reveal several choices for sensors and geometry that will allow a measurement of the six dofs. For example, a report from the Air Force Astronautics Laboratory [4] shows three possible geometries that are useful for very large rockets (10 000-50 000 lbf thrust). Smaller rockets do not need as much support or constraint as the large-scale rockets, and arrangements such as a Stewart platform [5] , where six sensors are mounted in pairs to a platform mounted to the rocket, can be used. An example of this geometry was used in a six dof thrust sensor for an RC-scale jet at Utah State University [6] . Commercially available transducers are available, for example from ATI Industrial Automation [7] . Both the Stewart platform geometry and the ATI F/T sensor work best if the sensor is mounted parallel to the ground, with the rocket nose pointing straight up. The UALR rocket is mounted horizontally, parallel to the ground, and must remain in that position due to the arrangement of the firing facility, with the safe zone for the plume pointing into an alley that can be guarded during firing. In order to use the ATI device, the rocket would need to be cantilevered off of the device, which would put large forces on the transducer just to support the weight of the rocket, and would decrease the level of safety due to the rocket being constrained only at the nose end.
The best choice of sensor array geometry for the UALR rocket was therefore a cage design that would work well in the rocket's current configuration, plus provide a high level of safety as the thrust array held the rocket securely in place. Other benefits of this design included the ability to customize the sensor sensitivity in each direction independently, the ability to replace one sensor at a time in case of overload failure, and the educational benefits for the students involved in the project. The end result is a highly sensitive thrust array that is simple and inexpensive enough that it can be built by college students, and safe enough to use for the range of forces produced by the UALR hybrid rocket. Installation required only minor modification to the existing rocket facility, and the sensor array can easily be removed as needed.
Design of the six degree-of-freedom thrust sensor stand
The thrust stand has six uniaxial force elements located so that each element carries a single component of the load: one parallel to the axis of symmetry of the rocket for main thrust measurement, two vertical legs near the nozzle end of the rocket, one vertical leg near the oxygen input end of the rocket, and two separated horizontal legs near the nozzle end (see figure 2) . Each leg was composed of a rotational bearing, a load cell, and a universal joint above and below the load cell (see figure 3 ). The leg was designed to create point contact along only one direction and minimize the non-axial forces applied to the load cell. The design was chosen for simplicity of analysis and assembly, ease of changing the fuel in between firings, the ability to use readily available load cells, and the ability to manufacture the pieces using basic machining skills. A free-body diagram of the rocket body and the location of the force measurements are shown in figure 2. Moments are measured by at least two elements and a couple is calculated from the two uniaxial forces and the known distances between the elements. For this stand, the separation distances are a = 0.065±0.001 m and b = 0.140±0.001 m. A matrix resulting from the static analysis of the frame gives the relation between the measured forces and the resultant forces and moments acting on the frame as shown in equation (1):
where A i are the six measured scalar force components of the uniaxial legs, 2a is the separation for the two front vertical legs, and 2b is the separation for the two mounting brackets (see figure 2 ). Six uniaxial elements for the thrust sensor were designed and built. Each leg measured force along one direction while directing all other forces to the other legs. Force isolation was accomplished using universal joints at each end of the force element and a roll element at the rocket contact point. The leg was attached to the rocket motor body, rather than at the frame mounting point, so that no possibility of deflection in the element could affect the measurement. The joints were fabricated at Hendrix College and at UALR. The force measurements were made using load cells from FGP Sensors and Instrumentation [8] with maximum loads of 500, 100, and 50 N. Figure 3 shows the uniaxial leg design with a 100 N load cell inserted. The leg is approximately 25 cm in length. The picture on the right shows the action of the two universal joints when subjected to an off-axis force. With the entire thrust stand assembled, the universal joints are constrained enough by the six legs so that displacement is never enough to collapse the entire structure during firing. One of the benefits of a labscale rocket system is the ability to conduct multiple firings with measurements such as fuel mass and nozzle diameter in between each firing. Therefore, the thrust stand must be stable during the insertion and removal of the rocket body in between firings. To provide stiffness and protection of the load cells during this process, custom aluminum bars were created to span the load cells, providing protection against hyper extension or compression for the load cells. These aluminum bars were placed on the legs during assembly and disassembly when the rocket body was removed for fuel changes and measurements and cleaning. The bars were removed during all measurements. Figure 4 shows four views of the assembled thrust stand in firing and measuring configuration.
A series of seven firing tests were conducted. The rocket was fired at one low, two medium, and one high oxygen flow rates (ṁ o = 0.0174, 0.0232, 0.0290, 0.0348 kg s −1 ). The stand proved to be stable at the full thrust range of this rocket. Figure 5 shows an image of the thrust stand while the rocket is firing.
Calibration and uncertainty analysis
The calibration process began with the characterization of each individual load cell using a dead weight tester. Each load cell output was connected to a conditioning circuit, whose voltage output was measured by a voltmeter during individual load cell calibration and by Vernier's LoggerPro software during assembled stand calibrations and firing. LoggerPro collected data at a sampling rate of 250 Hz. Ten weights within the load cell range were selected and applied to the deadweight tester, cycling through the range three times. The 30 data points were plotted and a line fit relating force to voltage output was calculated.
Each load cell was verified to have very little variation due to cycling and showed a very high degree of linearity between applied force and voltage output. The assembled stand was then calibrated by placing known forces, again using a dead weight method, in each of the three spatial directions and recording the output voltages. Force isolation was verified. For example, a force placed along the z-axis produced very little reaction in legs 2-6 and a large reaction in leg 1. Details of the calibration results are presented in [9] and table 1. Uncertainties in the individual leg force measurements were calculated using the standard least-squares fitting method [10] . Given a line fit, y = mx + b through N data points, the uncertainty in y is given by equation (2), and results for uncertainty in the individual leg force measurements are presented in table 1:
Uncertainties in the total force and moment measurements were calculated using propagation of error. For a function, f = f (x, y, z), the uncertainty in f is shown in equation (3):
Equation (3) was applied to the force and moment formulae presented in equation (1), and results are presented in table 2. Numerical results are given for the distance and force measurements, since they do not depend numerically on measured values that changed during the experiments. The uncertainties for the moments were calculated in software analysis for each individual measurement, and results are given in table 5.
During analysis, all forces and offsets present prior to ignition, including weight of the rocket in the y-direction, and thrust produced in the z-direction due to the oxygen flow, were first subtracted. The following results show forces and moments due purely to the combustion process and rocket nozzle dynamics. 
Results

Axial thrust measurement
Figures 6(a)-(c) shows the axial force (F z ) measurement for the rocket firing at a representative low, medium, and high oxygen flow rate. Note that the oxygen flow controller was set to rampup the oxygen flow, and that it took several seconds for the flow rate to reach the maximum set value during each firing run. This gradual increase in oxygen flow and thrust reduced the stress on the rocket and thrust sensors plus increased the safety during Table 2 . Uncertainty in measurements. the firings. All measurements of force and rotation moments were collected from the time intervals when the oxygen flow was at the set point, usually the last 1-2 s of the firing. A summary of axial thrust data is presented in figure 7 . For each set of data, the average thrust was calculated for a section of the data after the rocket had achieved the set oxygen flow rate. The thrust oscillations inherent in all hybrid rocket motors is present in all of the data. The oscillations are a superposition of several frequencies, and are caused by a number of physical factors. For example, acoustic standing waves contribute to the oscillations as well as a phenomenon called chuffing in which the fuel is liquefied, burned, and soot is ejected in a cyclic manner [11] . The standard deviations of the thrust data were calculated over the same interval as the average thrust and are presented as error bars in figure 7. The standard deviation does not represent error in the force measurement, but rather a crude indication of oscillation magnitudes. Uncertainties in the thrust measurement were computed using the equations in table 2 and results are presented in table 3.
Measurement Uncertainty
a = 0.065 m σ a = 0.001 m b = 0.140 m σ b = 0.001 m F x = A 2 + A 3 σ Fx = σ 2 A2 + σ 2 A3 = 0.397 N F y = A 4 + A 5 + A 6 σ Fy = σ 2 A4 + σ 2 A5 + σ 2 A6 = 0.496 N F z = A 1 σ Fz = σ A1 = 0.228 N M roll = a (A 6 − A 5 ) σ Mroll = a 2 σ 2 A6 + σ 2 A5 + σ 2 a (A 6 − A 5 ) 2 M yaw = b (A 2 − A 3 ) σ Myaw = b 2 σ 2 A2 + σ 2 A3 + σ 2 b (A 2 − A 3 ) 2 M pitch = b (A 4 − A 5 − A 6 ) σ Mpitch = b 2 σ 2 A4 + σ 2 A5 + σ 2 A6 + σ 2 b (A 4 − A 5 − A 6 ) 2
Measurement of force in x-direction
The x-axis is parallel to the ground and perpendicular to the rocket body in this thrust stand. Forces in this direction will primarily contribute to a yaw rotation. Representative data for three oxygen flow rates are presented in figure 8 . Figure 9 presents the average and standard deviation for force in the x-direction as a function of oxygen flow rate. Measurement uncertainty analysis results are presented in table 3.
Measurement of force in y-direction
The y-axis is in the vertical direction and perpendicular to the rocket body in this thrust stand. Forces in this direction will primarily contribute to a pitch rotation. Data for the three oxygen flow rates are presented in figure 10 . Figure 11 presents the average and standard deviation for force in the y-direction as a function of oxygen flow rate. Uncertainty analysis results are presented in table 3.
Measurement of roll moment
The roll moment indicates the tendency for the rocket to rotate about the axis of symmetry of the rocket body as shown in figure 1 . Data for the three representative oxygen flow rates is shown in figure 12 . The average roll moment is presented in figure 13 . Uncertainties in the roll moment measurement were computed using the formula presented in table 2. Uncertainty results are presented in table 5. 
Measurement of yaw moment
The yaw moment indicates the tendency for the rocket nose to move left (positive) or right (negative) as shown in figure 1 . Data for three representative oxygen flow rates is shown in figure 14 . The average yaw moment is presented in figure 15 . Uncertainties in the yaw moment measurement were computed using the formula presented in table 2. Uncertainty results are presented in table 5.
Measurement of pitch moment
The pitch moment corresponds to motion of the rocket nose up (positive) or down (negative) as shown in figure 1 . Data for the three representative oxygen flow rates is shown in figure 16 . The average pitch moment is presented in figure 17 . Uncertainties in the pitch moment measurement were computed using the formula presented in table 2. Uncertainty results are presented in table 5. 
Measurement summary
A summary table of the average measured force components is presented in table 3. |F| is the magnitude of the force vector. The last three columns represent the percentage of the total force magnitude for each component. The force oscillations inherent in hybrid rocket motors are readily apparent in all of the measurement graphs (see figure 6 as an example). These oscillations are due to a number of physical factors, and a frequency analysis such as fast Fourier transform reveals several prominent frequencies present. Some factors affecting these oscillations are dimensions of the rocket body (acoustic resonances) and oxygen feed lines (chugging), and characteristics of the HTPB fuel (chuffing). With careful manipulation of these parameters, the oscillations for a given motor can be reduced, but never truly eliminated. Reducing oscillations is vital for a large-scale motor, as major force oscillations can cause catastrophic damage to the vehicle and payload. The six dof thrust sensor can give a measure of the magnitude and frequency of the oscillations for the UALR labscale hybrid rocket with further analysis. The standard deviation of the force measurements over a time period of constant oxygen flow rate are presented in table 4. The moments for roll, pitch, and yaw were calculated for the seven firing tests. Averages were calculated for the range of data for which the oxygen flow rate had achieved the set rate. Uncertainties were calculated for each measurement, and the average uncertainty was calculated over the same interval as the average moment. A summary of the moment measurements is presented in table 5. 
Conclusions
A six degree-of-freedom thrust sensor was designed, constructed, calibrated, and tested using the labscale hybrid rocket at the University of Arkansas at Little Rock (UALR). The system consisted of six independent legs: one parallel to the axis of symmetry of the rocket for main thrust measurement, two vertical legs near the nozzle end of the rocket, one vertical leg near the oxygen input end of the rocket, and two separated horizontal legs near the nozzle end. Each leg was composed of a rotational bearing, a load cell, and a universal joint above and below the load cell. The leg was designed to create point contact along only one direction and minimize the non-axial forces applied to the load cell. With this system, force in each direction and moments for roll, pitch, and yaw can be measured. The system was calibrated and tested using a labscale hybrid rocket using gaseous oxygen and hydroxyl-terminated polybutadiene solid fuel. The thrust stand proved to be stable during initial firing tests. Thrust force vector components and roll, pitch, and yaw moments were calculated for seven test firings with an oxygen flow rate range ofṁ o = 0.0174 to 0.0348 kg s −1 .
As expected, the average axial thrust, F z , increased linearly with oxygen flow rate. This result agrees well with past measurements that used a system of strain gages to measure axial thrust on this rocket [2] . The two force components perpendicular to the rocket body are predictably smaller than the axial thrust, but are measurable and not negligible when computing the total force produced by the rocket motor. The off-axis force magnitudes are not linearly dependent on oxygen flow rate, and, for these firings, the forces were always in the positive x and y directions. This result could be affected by initial conditions, including the forces introduced by the gas flow before the rocket is ignited and shape of the fuel at the start of ignition.
A preliminary look at the force measurements shows measurable force oscillations, as is expected for a hybrid rocket. For this rocket, the oscillations in the vertical (y) and axial (z) directions are most prominent, and are roughly proportional to the oxygen flow rate. A proper analysis of the force oscillations would include a frequency domain analysis that included uncertainty calculations for amplitude and frequency results.
The primary purpose of this thrust sensor array is to measure the three rotation moments on this hybrid rocket. The measured moments included both positive and negative rotations. For example, the rocket tended to roll counterclockwise for the two lowest oxygen flow rates, and clockwise for the two higher oxygen flow rates. Since the oxygen input was designed for maximum symmetry, it is possible that the system has no predefined disposition for clockwise or counterclockwise gas swirl [3] . Direction of roll torque may be determined by the initial conditions at the start of each firing, by a tendency for the gaseous oxygen to swirl upon entrance into the combustion chamber, or by asymmetries in the fuel grain bore. Both positive and negative average values of yaw and pitch moments were also measured. Of particular interest is that the rocket responded with positive yaw and pitch moments for one trial atṁ o = 0.0232 kg s −1 and negative yaw and pitch moments for the second trial at that flow rate, demonstrating that the direction of the rotation rate is not determined by the strength of the oxygen flow rate.
The measured magnitude and sign of the moments are not correlated with the oxygen mass flow rate. Therefore, a flight vehicle could have rotations about any axis in an unpredictable way, resulting in flight instability and loss of efficiency in moving the vehicle in the desired direction. The only predictable response of the rocket to increased oxygen flow is an increase in axial thrust.
The six degree-of-freedom thrust sensor array was used to successfully measure three force components and three rotational moments for the UALR hybrid rocket. It was stable during a series of firing tests, and met all goals of budget, safety, and measurement sensitivity.
